We assess the roles of long-lived greenhouse gases and ozone depletion in driving meridional surface pressure gradients in the southern extratropics; these gradients are a defining feature of the Southern Annular Mode. Stratospheric ozone depletion is thought to have caused a strengthening of this mode during summer, with increasing long-lived greenhouse gases playing a secondary role. Using a coupled atmosphere-ocean chemistry-climate model, we show that there is cancellation between the direct, radiative effect of increasing greenhouse gases by the also substantial indirect -chemical and dynamical -feedbacks that greenhouse gases have via their impact on ozone. This sensitivity of the mode to greenhouse-gas induced ozone changes suggests that a consistent implementation of ozone changes due to long-lived greenhouse gases in climate models benefits the simulation of this important aspect of Southern-Hemisphere climate.
Introduction
Variations in the Southern Annular Mode (SAM), as defined by the hemispheric pressure gradient between polar and extrapolar regions, affect the strength and position of the mid-latitude wind maximum (the "Roaring Forties"), and temperature and precipitation fields throughout the southern extratropics. A considerable increase in the frequency of occurrence of the positive phase of the SAM and associated blocking events [O'Kane et al., 2013] during summer (December to February), observed during recent decades, thus means increased wind speeds over the Southern Ocean [Thompson et al., 2011; Abram et al., 2014; WMO, 2014] . In a mechanism understood to involve deep coupling of the stratosphere and troposphere, stratospheric ozone changes have influenced Southern-Hemisphere climate, from the tropics to the pole, causing an expansion of the tropical Hadley Cell and southward shifts of climate regimes [Kang et al., 2011] . For the remainder of this century, models project some cancellation of these impacts of ozone depletion, set to reduce under ozone recovery, with those of further increases in long-lived greenhouse gases (GHGs), chiefly CO 2 , CH 4 , and N 2 O [IPCC , 2013; Zheng et al., 2013] .
However, these GHGs do not just affect climate by trapping heat and influencing the equator-to-pole temperature gradient; they also have diverse impacts on ozone and its recovery. Increases in any of them, particularly CO 2 , cool the stratosphere. This slows down gas-phase ozone-depleting reactions and generally leads to an acceleration of stratospheric overturning (the "Brewer-Dobson Circulation"), enhancing poleward transport of ozone [WMO, 2011 [WMO, , 2014 . Within the polar vortices, the cooling increases the prevalence of polar stratospheric clouds [Roscoe and Lee, 2001] , which under contemporary, highc 2014 American Geophysical Union. All Rights Reserved. chlorine conditions causes more polar ozone depletion. In combination, the GHG-induced cooling and accelerated overturning cause ozone to increase in mid-latitudes and to decrease in the tropics and seasonally over the poles [Denman et al., 2007] . In addition to these dynamical and temperature effects, CH 4 and N 2 O also affect chemistry. Increases in CH 4 reduce the rate of chlorine-catalysed ozone loss by promoting the return of chlorine to its reservoir form, hydrogen chloride (HCl), and also directly cause increased ozone production in the stratosphere in a catalytic process involving nitrogen oxides. N 2 O increases, by contrast, induce ozone depletion by enhancing nitrogen-catalyzed ozone loss reactions [Revell et al., 2012] . Anthropogenic emissions of N 2 O now cause more ozone depletion than those of any of the ozone-depleting substances (ODSs) regulated under the Montreal Protocol [Ravishankara et al., 2009] . Despite these known chemical and dynamical effects of the leading GHGs onto ozone, only a minority of models participating in the 5 th Climate Model Intercomparison Project (CMIP5) calculated ozone interactively [Eyring et al., 2013a] , partly because including interactive stratospheric ozone chemistry has not been clearly shown to benefit the quality of climate simulations for non-chemical model fields [Son et al., 2010] , and because explicit ozone chemistry is a computationally expensive addition to climate models. an explicit stratosphere-troposphere chemistry scheme [Morgenstern et al., 2009 [Morgenstern et al., , 2013 .
Apart from the interactive chemistry, the model is similar to the version described by Hewitt et al. [2011] but at a lower resolution in both the atmosphere (3.75
levels to 84 km) and the ocean (∼ 2 • × 1 • , 31 levels). Relative to the model used by Nowack et al. [2014] , there are only some differences in chemistry. In the SEN-C2-fODS simulations, where ODSs are held constant, we expect trends in ozone due to only the chemical and dynamical influences of the changing long-lived GHGs as discussed above, which may drive trends in the SAM. In the SEN-C2-fGHG simulation, where the long-lived GHGs are held constant, we expect only ozone depletion to influence the SAM. fOZONE uses a prescribed, annually periodic ozone field generated by ensemble-and time-averaging monthly-mean ozone fields from the first ten years of the five REF-C2 simulations. As such it will not contain changes in ozone, and any trend in the SAM can be attributed to only the radiative effects of the GHGs. NoIndir uses a prescribed ozone field generated by smoothing in time the monthly-mean ozone field c 2014 American Geophysical Union. All Rights Reserved.
Experiments
produced by SEN-C2-fGHG, in order to reduce the interannual variability in the field 
Results
An inspection of total-column ozone simulated by NIWA-UKCA shows that basically, the model produces a good representation of total-column ozone, with an annual cycle c 2014 American Geophysical Union. All Rights Reserved. similar to observations (figure 2). A small positive bias is within the usual range characterizing chemistry-climate models [Austin et al., 2010] . indirect effect is only present in SEN-C2-fODS, see table 1). Hence, as a best estimate based on this analysis, we postulate that there is a 50% cancellation of the direct effect of GHG changes by the impact of ozone changes in SEN-C2-fODS.
We test this hypothesis using the other simulations. To assess whether the influence of the long-lived GHGs on the SAM is demonstrably larger in NoIndir than in REF-C2, we perform the regression on the difference in the SAM index between these two experiments. At −0.34 ± 0.70 hPa, with the uncertainty interval reflecting the 95% confidence limits, the resulting regression coefficient is less than 0 at about 83% confidence. We obtain numerically almost the same result if we replace NoIndir with fOZONE in this analysis (−0.36 ± 0.66 hPa). Both results suggest that about 20% of the direct effect of increasing GHGs onto the SAM (as inferred from the fOZONE experiment) is offset by their impact on ozone. While this appears to be a smaller effect than the above-derived half cancellation, both results are within each others' respective 95% confidence intervals.
There is considerable variability within each of the different ensembles for the regression coefficients, which makes it impossible to attribute this discrepancy to anything other than random variations.
Discussion
The analysis suggests that all three influences on the SAM in REF-C2 appreciably contribute towards its long-term trend, and that there is a sizeable cancellation between the direct and indirect effects of increasing GHGs onto the SAM. A caveat pertaining to this analysis is that this is just a single-model study which should be expanded into a multi-model analysis. Some of the simulations used here form part of a multi-model c 2014 American Geophysical Union. All Rights Reserved.
intercomparison (CCMI) which will in time facilitate such an analysis. The magnitude of the effect is scenario-dependent; we have only studied one scenario [Meinshausen et al., 2011; WMO, 2011] here.
However, if the above results are found to be robust, they would have important implications for large climate-model intercomparisons such as CMIP5 which informed IPCC [2013] . There, the majority of simulations used prescribed ozone climatologies [Eyring et al., 2013a] . Considering the different sensitivities of stratospheric ozone to changes in CO 2 , CH 4 , and N 2 O [WMO, 2014] , the resulting trends in the SAM could depend on not just the combined radiative forcing of these gases, which is essentially what a climate model forced with prescribed ozone responds to, but also the specific assumptions made about the future evolutions of CH 4 and N 2 O, increases of which have opposing chemical effects on ozone. This means scenario-specific ozone climatologies are required which are consistent with the GHG evolutions assumed in these scenarios [Nowack et al., 2014] . Such consistency may be model-dependent, making it difficult to establish consistency across a range of different models. The findings presented here may increase the motivation to enter successors to CMIP5 (such as CMIP6) with coupled chemistry-climate models which by construction generate internally consistent ozone fields.
Appendix A: Details Of Regression Analysis
We stipulate that in REF-C2, the ensemble-average SAM index is the sum of five contributions:
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Here, t is the ensemble-mean SAM index for one of our five experiments, r EESC the dimensionless EESC regression function, r RF is the dimensionless RF regression function (figure 1), α, β d + β i are regression coefficients, quantifying the influences of ozone depletion and the direct and indirect GHG impacts, respectively, γ is the generally nonzero average of t, and ρ = O n −1/2 is the remainder not explained by the other terms, which scales with n −1/2 (n = ensemble size). We calculate the coefficients performing a linear least-squares regression. Uncertainties are given relative to the 95% confidence interval. The error calculation, which forms part of the above analysis, relies on two assumptions about the SAM indices: Residuals ρ need to be normally distributed, and autocorrelation needs to be small. Autocorrelation is addressed by applying the Durbin-Watson test [Montgomery et al., 2001] to ρ: The first three experiments are as defined for the Chemistry-Climate Modelling Initiative (CCMI) . OD = anthropogenic ozone depletion. dGHG = direct radiative effect of changing GHGs. iGHG = indirect, ozone-mediated effect of changing GHGs. Differencing
